We report on the impact of phosphorous ion-implantation-induced band gap tuning on the temperature dependent photoluminescence (PL) properties of InAs/InP quantum dashes (QDas). The high temperature range carriers' activation energy, extracted from Arrhenius plots, is found to decrease from 238 to 42 meV when the ion implantation dose increases from 10 11 cm −2 to 5 × 10 14 cm −2 , which is consistent with the observed emission energy blueshift increase with increasing the ion implantation doses. This effect is attributed to the As/P exchange which reduces the carrier confining potential depth. For intermediate ion implantation doses the reduced carrier confining potential barrier combined with the non-uniform intermixing process, that causes an increased QDas size dispersion, result in anomalous temperature-dependent PL properties. Indeed, the temperature induced PL emission energy redshift measured between 10 K and 300 K is found to be strongly affected by the carrier redistribution within the broadened localized QDas states.
INTRODUCTION
Self assembled quantum dots (QDs) have attracted a great deal of interest from their unique physical properties and potential device applications. 1 QDs based laser diodes are expected to have less temperature sensitivity and a lower threshold current density than those with quantum well active layer. 2 3 Furthermore, selective post growth tuning of QD emission energy is highly required for monolithic integration of QD-based optoelectronic devices. 4 It can be ensured by spatial selective intermixing across the same sample surface. Among the existing intermixing techniques, low energy-ion-implantation and subsequent * Author to whom correspondence should be addressed.
annealing is the most suitable process allowing: reproducibility, area selectivity and precise control of the defects depth and concentration. Extensive reports already exist on the effect of intermixing on the low temperature luminescence peak position, linewidth and integrated intensity. [5] [6] [7] [8] [9] However, there are still some unknowns concerning the evolution of the temperature dependent photoluminescence properties as a function of the intermixing degree. To fabricate efficient optoelectronic device operating at room temperature, a clear understanding of the effect of temperature on the optical properties is crucial.
In this work, we study the temperature dependent photoluminescence (PL) properties of InAs/InP quantum dashes (QDas) selectively intermixed by phosphorus ion implantation and subsequent rapid thermal annealing (RTA).
EXPERIMENTAL DETAILS
The InAs QDas were grown at 520 C with a 4 monolayers (ML) nominal thickness of InAs on sulfur-doped InP substrate using solid-source molecular beam epitaxy. 10 The QDas were then covered with a 70 nm-thick InP layer followed by a 50 nm-thick In 53 Ga 47 As layer used as a sacrificial layer. Structural studies indicate that the QDas are elongated along the 1-10 direction with a surface density around 7.5 × 10 10 cm −2 . These QDas exhibit a structured pyramidal shape with typical base widths of 22 ± 1.2 nm and very homogenous high of 2.4 nm. There lengths are in the 50-100 nm range. The samples were then subjected to a phosphorus ion implantation, at 18 keV, at 200 C with doses ranging from 1 × 10 11 to 5 × 10 14 cm −2 . 7 The energy of phosphorus ions was chosen to confine the damage peak into the InGaAs sacrificial layer that can be selectively removed after the rapid thermal annealing (RTA) process. After implantation, the samples were annealed at 650 C for 120 s to set off the atomic intermixing. For comparison, a reference sample (only annealed) was also prepared. For the PL measurements, the samples were excited with the 514.5 nm line of an Ar + laser and the spectra were collected using a thermoelectrically cooled InGaAs photodetector using a conventional lock-in technique.
RESULTS AND DISCUSSION
The 10 K PL spectra of the as-grown sample, the reference sample and the samples implanted at various doses and subsequently annealed are depicted in the Figure 1 . The presence of sharp water-vapor absorption bands between 0.85 and 0.91 eV are artifacts of our detection system and unfortunately tends to deform the PL emission band in that spectral range. The manifestation of multiple peaks arises from the state filling due to the three dimensional carrier confinement. 11 A blueshift of the emission energies and fluctuation of the PL linewidth have been found to occur when the ion implantation doses are increased from 1 × 10 11 to 5 × 10 13 ions cm −2 . Higher implantation doses result in a saturation of the blueshift and a decrease of the integrated PL intensity. 7 Furthermore, the QDas are also found to be inhomogeneously intermixed for the intermediate ion implantation doses resulting in an increase of the PL linewidth. 7 The increase of the QDas intermixing degree and consequent lowering of the carrier's confining potential depth together with the broadened localized states distribution has recently been found to induce atypical evolution of the QDas' temperature dependent PL linewidth and emission energy. 12 The observed behavior has been correlated with a temperature dependent competing effect between electron phonon scattering and thermally activated carriers transfer between inhomogeneously intermixed QDas.
The integrated PL intensity variation as a function of temperature for the As-grown and the implanted QDas Normalized PL intensity (arb. units) samples is shown by the Figure 2(a) . Indeed, the temperature dependence of the PL intensity changes significantly after the intermixing process. A fit of the experimental data can be performed in the high temperature range using the following Arrhenius equation:
Where k b is the Boltzmann constant, E a is the thermal activation energy, I 0 is the PL intensity at 0 K and C is a constant.
The observed thermal quenching of the PL at that temperature range is mainly related to the escape process of the dissociated excitons (electron-hole pairs) into the corresponding barriers. [13] [14] [15] In this situation, the activation energy E a , extracted from Arrhenius plots, approximates the differences between the QDas emission energy and that of the wetting layer or barrier material. 16 For the As-grown sample, the derived activation energy, around 238 meV, is close to the energy difference between the ground state emission energy of the QDas and that of the wetting layer. 17 The observed PL emission energy blueshift with increasing the intermixing degree is commonly interpreted in terms of QDas compositional change and consequent effective band gap enhancement. [5] [6] [7] [8] [9] Consequently, the carrier's effective barrier height that can be qualitatively linked to the extracted activation energy should decrease with increasing the intermixing degree. Accordingly, increasing the intermixing degree, results in a continual decrease of the activation energy from 238 to 42 meV.
RESEARCH ARTICLE
For more quantitative analyses, the energy of the emission band maximum blueshift and activation energy are depicted in the Figure 2(b) as a function of the ion implantation dose. Increasing the ion doses leads to a simultaneous decrease of the activation energy (barrier height) and increase of the emission energy blueshift. Surprisingly, the emission energy blueshift saturate for higher doses (≥10 14 ions cm −2 ) while the activation energy decreases down to 42 meV for implantation dose of 5 × 10 14 ions cm −2 . This activation energy can rather be correlated to the thermally activated capture of excitons by ion implantation induced nonradiative defects. This is in agreement with previously reported drastic decrease of the 10 K PL intensity for higher ion doses. 7 Additionally, the dissolution of the intermixed QDas to a rough 2D layer at those doses becomes also very probable.
For implantation doses below 5 × 10 13 ions cm −2 , the inhomogeneous intermixing enhanced QDas size distribution, together with the reduced carriers' confining potential barrier are found to be responsible for atypical temperature dependence PL linewidth and emission energy. 12 As shown by the Figure 3(a) , where the energy of the emission band maximum are plotted versus temperature, for each sample. Except for samples showing a very large PL linewidth, the data points are well reproduced using 18
With and parameters approaching those found for the InAs material. 19 Furthermore, for samples implanted at the highest doses, a discrepancy between experimental data and empirical curves has been found to occur at low temperature range (up to 160 K). This large energy difference might be related to an extra confinement of the excitons. In our case, the high implantation doses and consequent high defects density are expected to create a high density of point defects that may agglomerate into complex defects and stable clusters becoming hard to restore after annealing. This would further confirm the attribution of the lowest activation energy to the thermally activated capture of excitons by nonradiative defects.
However, for samples implanted at intermediate doses, it is impossible to reproduce their data points over all the temperature range using a simple empirical Varshni relation. The position of the PL peak decreases rapidly with increasing temperature, an inflexion point is observed in the 100-180 K temperature range, and the curve tends to recover a normal Varshni-like behavior at higher temperatures. The fast red-shift of the PL emission energy is typical of thermally activated carrier redistribution from smaller QDas having small confining potential to larger QDas with deeper confining potential. 12 20 21 Accordingly, as shown by the Figure 3(b) where, we have plotted the energy of the emission band maximum redshift ( E) between 10 K and 300 K as well as the evolution of the low temperature PL linewidth (qualitatively traducing the QDas size dispersion) as a function of the phosphorus ion implantation dose. E is found to increase with increasing the ion implantation doses up to 10 12 cm −2 . The sample implanted at 10 12 ion cm −2 has the largest value of temperature enhanced redshift with largest value of the 10 K PL linewidth. However, for higher implantation doses, E decreases with the reduction of the PL linewidth traducing an improved QDas' size distribution. At those doses, the intermixing process tends to improve the uniformity in size of the QDas resulting in the minimization of carriers' redistribution and therefore to less temperature induced energy redshift. For too high implantation doses, E remains nearly constant which is consistent with emission energy blueshift saturation.
SUMMARY
In summary, we have investigated the effects of the low energy phosphorus ion implantation and subsequent rapid thermal annealing on the temperature dependence of the PL properties. The study of the thermal activation energy reveals that the carriers' confining potential depth is reduced when the implantation doses increases.
For intermediate ion implantation doses, the temperature induced PL emission energy redshift measured between 10 K and 300 K is found to be strongly affected by the carrier redistribution within the broadened localized QDas states. Indeed, for intermediate ion implantation doses the reduced carrier confining potential barrier combined with the non-uniform intermixing process, that causes an increased QDas size dispersion, result in anomalous temperature-dependent PL properties.
